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SUMMARY
 
The primary objective of this study was to provide a data base for
 
a program plan for the development of the ion-propulsion thrust system
 
for the Halley's comet mission spacecraft. This data base was to include:
 
the definition of a design concept, selected from among alternate candi­
date configurations; the identification of required supporting technology,
 
including the definition of critical areas.and potential technical risks;
 
the definition of a program development plan, including a development
 
schedule and an assessment of potential schedule risks; and a preliminary
 
estimate of yearly and total program costs.
 
A concurrent objective of the study was to conduct a hardware
 
"approach confirmation" technology effort to evaluate the ion thruster's
 
performance and lifetime at the power level required for the Halley's
 
comet mission, to design and evaluate the thruster isolator required for
 
operation at the higher power level, and to evaluate the design of a
 
capacitor-diode voltage multiplier.
 
A thrust system baseline configuration was identified for the
 
30-cm extended-performance mercury ion thruster that can perform the
 
Halley's comet rendezvous mission. The configuration is comprised of
 
10 thrusters configured with a power management and control system and
 
a structure and thermal control system in *a modular thrust system design.
 
The power management and control system uses conventional power process­
ing. Power is provided to the thrust system with an 85 kW concentrating
 
solar array. The thrust system mass is 1010 kg (including 15% contint
 
gency), the average system efficiency is 70%, and the estimated relia­
bility upper bound is 72%.
 
Adaptability of the 900-series 30-cm thruster design to the
 
6 to 7 kW range required for the Halley's comet mission was demonstrated
 
with only minor design modification required, and an acceptable high­
voltage isolator design was validated by laboratory tests. The design
 
and performance of an alternate power management and control system
 
design approach utilizing the capacitor-diode voltage multiplier was
 
successfully demonstrated by laboratory model tests in excess of 1 kW.
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G.RAGE; BLANK NOT M&O 
The technology efforts mentioned above assisted in the identification
 
of the level of technical risks associated with the thrust system design.
 
These risks'have been found amenable to resolution through normal engi­
neering development and, therefore, judged to be acceptable for mission
 
application.
 
The program plan, which-includes the procurement plan generated for
 
the baseline configuration is a viable plan that provides for delivery
 
in May 1981 of the flight thrust system to be integrated with the mission
 
module and solar array. The cost of the thrust system development pro­
gram isprojected to be 54 million dollars (infiscal year 1977 dollars)
 
excluding contractor fee, of which approximately 13.5 million dollars
 
will be required in fiscal year 1978.
 
.Incontrast to the low technical risk, the schedule risk for
 
.initiating this program development isof particular concern. Timely
 
approval of the authorization of 13.5 million dollars for fiscal year
 
1978 must be granted so that the pre-project, or advanced development,
 
activities can be initiated.
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SECTION 1
 
INTRODUCTION
 
This report summarizes the results of a six-month study to define
 
the design, program plan, and costs of the ion-propulsion thrust system
 
for the Halley's comet mission spacecraft; The modular characteristics
 
of the design developed during this study also make it applicable as the
 
prime space propulsion system for other potential missions.
 
This study, which is based on an initial system characterization (com­
pleted 7 February 1977) performed by the National Aeronautics and Space
 
Administration's Lewis Research Center (NASA LeRC), was performed in
 
three parts:
 
* 	 Design tradeoff studies (14 February to 15 April 1977)
 
to define and compare alternate design approaches.
 
* 	 Conceptual design definition, program plan, and costs
 
of a selected design approach (15 April to 15 June 1977).
 
* 	 Approach confirmation-of supporting technology in
 
selected areas.
 
The results of this study are presented in five volumes. This
 
volume, Volume I, summarizes the results of the entire program. Volume II
 
discusses the conceptual design, program development plan, and cost
 
estimates for the selected baseline thrust system design. Volume III
 
describes the design tradeoff studies performed to compare alternate
 
design approaches. Volume IV presents the results of the evaluation of
 
the technology approach. Volume V presents the details of the capacitor­
diode voltage multiplier (CDVM) circuit analysis and experimental
 
evaluation. The results reported in these volumes have also been pre­
sented in briefings at NASA LeRC.
 
A. 	 BACKGROUND
 
In the fall of 1976, the Office of Aeronautics and Space Technology
 
(OAST) was given the responsibility of assessing the capability of the
 
electric propulsion technology under development at NASA LeRC and of the
 
solar array technology under development at Marshall Space Flight Center
 
(MSFC) and the Jet Propulsion Laboratory (JPL) to perform the Halley's
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comet rendezvous mission proposed by JPL. OAST established an "August
 
Project" team from members of the three organizations to develop a
 
preliminary program plan to support a fiscal year (FY) 1979 new start.
 
The August Project consisted of parallel efforts by JPL, NASA LeRC,
 
and MSFC to define thegdesign approach, program plan, costs, and risks'of
 
the Halley's comet mission. Three areas were considered: the spacecraft
 
(including the science payload), the ion propulsion subsystem (referred
 
to as the thrust system in this report), and the solar array. The NASA
 
LeRC program was conducted in two phases. First, initialization studies
 
(completed 15 February 1977) were conducted to define requirements and
 
to identify preliminary design characteristics. Second, during the
 
15 February to 15 July period; the design of the thrust system was
 
defined, the program plan and projected costs were generated, and a risk
 
assessment was made. The'reslults of the second phase of the program are
 
reported in this volume., The design selection process included tradeoff
 
studies ambngalternate design approaches, followed by a refinement of
 
the conceptual design that had been selected. Iteration with design data
 
available from the parallel activities at JPL and MSFC, and concurrent
 
approach confirmation tests and analyses included-in this study,
 
strengthen the conclusions of the thrust system study.
 
NASA directed us to begin the study by identifying two candidate
 
solar array configurations (flat or concentrator), three candidate power
 
management and control (PMaC) approaches (conventional, direct drive, or
 
voltage multiplier), and two structural design approaches (modular or
 
integrated). A comparative 'assessment ofthe various configurations
 
possible'from combinations of these-design'dhoices was desired in tetms
 
of performance, mass, efficiency, reliability, and technical and schedule
 
ri-sks.
 
The thrust systems being considered are based on the electric
 
propulsion technology that NASA LeRC has been developing for over a
 
dedade.* The technical baseline for this application is the most recent
 
operational'engineering model "thruster (EMT),the 900-series 30-cm mer­
cury ion EMT. Thisthtustet is a scaled-up version of the l-5Lcm thruster
 
developed and flight tested during the 1960-1969 period for the SERT II
 
t
program. The EMT'operates at a 3 kW'power level with a specific-impulse
 
2
 
of 3,000 sec. By making minor modifications in the existing thruster
 
design, extended performance at approximately 6 kW power level, 4,800 sec
 
specific impulse, and 15,000 hr pre-wearout life (as required for a
 
Halley's comet mission) was believed to be achievable at a low technical
 
risk. This supposition was evaluated as part of this study.
 
In addition to the extended-performance thruster, the key elements
 
of the thrust system for this extended-performance application are the
 
PMaC subs~stem, gimbal system, propellant storage and distribution
 
system, thermal control system, and supporting structure. The background
 
of extensive development in power-processing technology for mercury ion'
 
thrusters and.technology developments in the other areas were the basis
 
for the high level of confidence that the required extended performance
 
levels could be achieved.
 
B. 	'SCOPE
 
The scope of this study included: the development of conceptual
 
designs for various candidate systems; the selection, definition, and
 
evaluation of a baseline design concept and its critical interfaces; an
 
evaluation of the sensitivity of the baseline design to critical data
 
base and design parameters; the generation of a development program plan
 
for the baseline concept; estimation of-costs and fiscal year funding
 
requirements; fabrication of a demonstration scale model; and the conduct
 
of supporting technology studies (including fabrication and testing of
 
critical hardware components) to estimate the physical and electrical
 
performance and to provide a baseline for subsequent work.
 
The design characteristics, program plan, and costs of the baseline
 
system were defined in parallel with the supporting technology effort.
 
Design definition was carried out in two consecutive phases:
 
* 	 Phase 1:' Definition and comparison of alternate
 
configurations, leading to baseline selection.
 
* 	 Phase 2: Design definition and evaluation of the
 
baseline configuration, culminating in the generation
 
of a program plan and cost estimates.
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The concurrent technology effortcomprised thruster performance and ­
lifetime 'evaluation, thruster isolator design and evaluation, and the
 
design and .evaluation of a CDVM breadboard.
 
The design study was necessarily limited'to the conceptual defini­
tion of the key design features and characteristics. However, sufficient
 
understanding was achieved in all importantareas to provide realistic
 
estimates'of masses; power requirements, which Ted to efficidncy calcu­
lations; complexity and parts count, which led to reli'ability'estimates;'
 
development, procurement, fabrication, and test requirements, which led
 
to schedule definition; potential areas' of uncertaifhty and concern, which
 
led to anassessment of the technical-and schedule risks; the-scope and
 
nature of system interactions;'which led to-the definition of principal
 
interfaces; and requirements and phasing for hardWare and manpower,
 
which led to a cost estimate.
 
The scope of and the approach to this study are reflected in this
 
volume. Section 2 summarizes the Phase 1 configuration tradeoff studies
 
(discussed in more detail in Volume.III). Sections 3, 4, and 5 describe
 
the key features of the selected baseline design, the program pla, and
 
the estimated costs, respectively. (These are treated in more detail in
 
Volume II.) Results of the supporting technology work are summarized in
 
Section 6 and described in greater detail in Volumes IV and V. Section 7
 
presents study conclusions and an assessment of interfaces and of tech­
nical and program risks.
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SECTION 2
 
DESIGN TRADEOFF STUDIES
 
The initial phase of this study considered a spectrum of alternative
 
design concepts and approaches. The objective was to select the most
 
promising configuration from the standpoint of performance and risk. The
 
configuration selected, which then became the recommended baseline
 
approach for the Halley's comet mission, was then assessed in terms of
 
its design characteristics and performance, culminating in the prepara­
tion of a program plan and cost estimate. Results of these initial
 
tradeoff studies are presented in this section.
 
A. 	 CANDIDATE CONFIGURATIONS
 
A block diagram of the thrust system is shown in Figure 1. Each
 
block contains elements that are possible parameters for tradeoff
 
studies. The shaded blocks represent elements for which the only possible
 
options were determined by NASA LeRC, and appropriate interface specifi­
cations were given. For the other elements, some flexibility was per­
mitted. Table 1 lists the possible options for the elements of the block
 
diagram that were purposely varied. Only seven combinations of these
 
options were specified by NASA LeRC for detailed study. These combina­
tions are given in Table 2; a coding system is included for each reference.
 
The configurations examined included:
 
* 	 Comparison of the three PMaC design concepts in a
 
modular thrust system design, using a flat solar
 
array, and of conventional and direct drive discharge
 
supplies as a subset (under direct-drive PMaC).
 
* 	 A full examination of the matrix of flat versus concentrator
 
array and modular versus integrated design approaches,
 
using the conventional PraC concept.
 
These choices, which approximately bracket the spectrum of alternate
 
design concepts derivable from Table 1, were expected to provide a
 
reasonable basis for selecting the baseline approach. The number of
 
thrusters selected for each configuration (see Table 2) was derived from
 
trajectory analysis and was not considered to be an independent design option.
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Figure 1. Thrust system block diagram showing principal interfaces.
 
Table 1. Study Options
 
Option-	 Code
 
Solar array
 
Flat A
 
Concentrator B
 
PMaC
 
-Direct Drive
 
Conventional discharge supply (none)
 
Direct drive discharge supply, X
 
Conventional •2
 
CDVM 3
 
Modularity
 
Modular design (none)
 
Integrated design I
 
Number 	of thrusters (modules): determined by (none)
 
mission requirements
 
Table 2. Selected Study Configurations 
Option o. of 
Option P1aC Solar Array flodularity Thrusters Codeait 	 Thutr 
IA 	 Direct drive Flat Modular 12
 
conventional discharge
 
supply'
 
IAX 	 Direct drive Flat Nodular 12
 
direct discharge supply
 
2A 	 Conventional Flat Modular 10 
2B 	 Conventional Concentrator Modular 
 10
 
2A/I Conventional Flat Integrated iO
 
2B/I Conventional 'Concentrator' Integrated 10
 
3A Capacitor-diode Flat Modular 
 10
 
voltage multiplier 

-
T5866
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The concentrator solar,array used in this design tradeoff study was
 
not the same as that subsequently furnished by NASA-LeRC for the more
 
detailed analysis of the selected baseline: Nevertheless, the comparison
 
of the seven configurations is believed to have furnished a valid basis
 
for the final choice.
 
B. DESIGN ANALYSIS
 
Each of the seven configurations was studied in sufficient depth to
 
assess their design features; interfaces; performance in terms of mass,
 
efficiency, and reliability; and technical and schedule risk. The
 
analysis encompassed selection of thruster parameters aid operations
 
profile; PMaC design and sizing; thermal control tradeoffs and design;
 
structural design to accommodate the stowed array and thrust system
 
requirements accounting (loads and interfaces were taken into account
 
in the design); and materials selection. Layouts were generated for
 
each configuration. Since two alternate stowage concepts were examined
 
for the flat array, a total of eight configuration layouts were developed.
 
Results of this analysis (see Volume II for details) are illustrated
 
in Figure 2, which shows isometrics of representative cohfiguration
 
designs (the solar array is shown stowed). Figure 2(a) describes the
 
two direct-drive Pi1aC configurations for one of the two flat array stow­
age concepts. Figure 2(b),describes the'similar conventional PMaC con­
figuration with the flat array (differs from the direct-driveconfigura­
tion'primarflyin that larger thermal radiators are required to
 
accommodate the larger power dissipation of conventional PfaC approaches).
 
The voltage multiplier PMaC configuration (not shown) falls between these
 
two designs. Figure 2(c) describes the integrated configuration. The
 
modular design approach has been abandoned in favor of an integrated design
 
to reduce total system mass: The thrusters are shown placed on the circumfer­
ence of the circular thruster array. Figure 2(d) describes the modular
 
confi.guration, which uses a concentrator array and conventional PMaC
 
approach. The space required to stow the large array dominates this
 
configuration.- The final configuration studied was an integrated design
 
that uses -aconcentrator array and conventional P'laC approach (not shown).
 
8
 
6554-10 
(a) Direct drive PMaC approach, flat array, (b) Conventional PMaC approach, flat array,
modular. Configurations (1A and 1 AX). modular. Configuration (2A). 
(c) Conventional PMaC approach, concentrator array, (d) Conventional PMaC approach, flat array,
modular. Configuration (28). integrated. Configuration (2A/1). 
Figure 2. Isometrics of representative',configurations.
 
.9 	 ORIGINAL PAGE I 
OF POOR QUALITY 
These seven thrust systems differ as to mass, reliability,
 
efficiency, and other respects. Those key characteristics that influ­
enced the selection of the baseline configuration are-summarized below.
 
C. COMPARATIVE ASSESSMENT AND BASELINE SELECTION
 
The design features dnd the mass, efficiency, reliability, and risk
 
of.the resulting thrust system were comp~red, for the -sven,cdnfigurations.
 
Thfs assessment (which is summarized here) was a contributing-but not the
 
-sole.factor'in 
 the final-selection of a .baseline design by NASA LeRO.
 
The other factors considered are also discussed here.
 
The seven configurations are compdredin Table 3 with respect to
 
,several criteria. Differences in lengths are npt'considered to be
 
domihant criteria because all configurations-would fit'comfortably in
 
the shuttle bay-,'allowing for the length of theintermediateupper stage
 
(-IUS) and for themission module/science payload.(NASA LeRC specified
 
2.5 m for the mission-module payload). The other parameters in Table 3
 
were weighted in the final selection.
 
Direct drive configurations show a significant advantage with
 
respect to mass. Ail conventional PMaC configurations would res6lt in a
 
rel'atively high 'initial mass. Comparing-the-integratedand modular con­
figurations shows that an integrated configuration does not result in'a
 
significant saving in initial mass.
 
Direct drive configurations also have'an advantage over conventi6nal
 
PMaC configurations; in termps of thrust-system relative reliability,
 
aid effitiency, the:'voltage multiplier configurationr"is between the two;
 
From-a risk standpoint, however, which was heavily weighted -inthe 
final selection, direct dr-ive configurations were considered signi.ficantl'y 
less attractive, Significant risks are projected not only fot the thrust 
system but also for the solar array configuration: thruster power levels 
are highest; thruster/PM C interactions and potential high-voltage effects 
are not adequately known,; operational flexibility in terms of parameter 
adjustments is limited; -solar array higf-voltage techhology represents 
a novel design, with-potentially detrimental high-voltage effects; full­
scale ground-test validation 'poses significant difficulties. The 
10
 
Table 3. Comparison of Candidate Thrust System Configuration.
 
Thrust System Characteristics 
1A . lAX 2A 
Configuration Designation 
2A/I 2B 2B/I 3A 
Type of configuration 
PMaC approach Direct 
drivea Direc-driveu Conventional Conventional Conventional Conventional CDVM 
Solar array 
Design approach 
Flat 
Modular 
Flat 
Modular 
Flat 
Modular 
Flat 
Integrated 
Concentrator 
Modular 
Concentrator 
Integrated 
Flat 
Modular 
Comparison criteria 
Length, m 2.9 2.9 4.4 4.6 4.9 4.6 - 3.7 
Mass kg 
"' 
Thrust system 
Mission module 
650 
450 
610 
450 
1000 
450 
1060 
450 
1050 
450 
1020 
450 
840 
450-
Solar array 700 700 700 700 700 700 700 
Propellant 2130 2130 2240 2240 1950 1950 2250 
Initial injected, after 
IUSseparation 
Adapter 
3930 
50 
.*3890 
50 
4390 
110 
4450 
20 
4150 
220 
4120 
150, 
4240 
110 
IUS payload 3980 3940 4500 4470 4370 4270 4350 
c 
F 
Old 
Average thrust system 
efficiency, % 
Relative reliabilityc 
73 
0.93 
73.5 
1.0 
67.5 
0.87 
67.5 
0.87 
68 
0.88 
68 
0.88 
68.5 
0.92 
Technical risk High Highest Low Low Low Low Medium 
For beam power only. 
bFor beam and discharge power. 
CAssumes value of 1.0 for direct-drive configuration lAX.
 
conventional PMaC design presents the lowest risk. The voltage multiplier
 
design, currently under investigation, must still be considered a rela­
tively high risk approach as compared.to the conventional design. The
 
risk, however, is considerably less than for direct drive. Current
 
development of the voltage multiplier concept, reported inSection 6,
 
may significantly reduce the risk.
 
The seven configurations were compared briefly with respect to
 
several other criteria. Although additional differences between con­
figurations were identified, these differences were not sufficiently
 
important to significantly affect the final selection. All configura­
tions are feasible from the structural and thermal -standpoint, although
 
the degree of design complexity and difficulty would vary. The con­
figurations differed in IUS interface complexity, the difficulty of
 
mechanizing separation, accessibility, methods by which mercury ion
 
impingement on the solar array could be avoided, and in the difficulty
 
of packag-ing and deploying the solar arrays. The packaging of the
 
stowed concentrator solar array (for both the modular and integrated
 
configurations with conventional PMaC) would be cumbersome and costly
 
inmass; this originally was a deterrent to selection of the con­
centrator array. A modified stowage envelope.having a shorter stowed
 
l'ength was subsequently recommended to the solar array designers by
 
NASA LeRC; the resulting solar array .envelope enabled a viable con­
centrator array thrust-system configuration to be designed.
 
The final selection by NASA, which was partly based on the acceptance
 
of this modified concentrator design, was to adopt the modular, conven­
tional PMaC concentrator array configuration as the baseline. The
 
rationale for this selection may be summarized as follows:
 
* 	 The-direct drive PMaC approach was rejected because
 
of high risk.
 
* 	 The flat solar array was rejected because of risks
 
associated with the thin solar array cells, and
 
because of the high mass of the resulting
 
configurations.­
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* 	 The integrated configurations were rejected because the
 
relatively small mass saving was not sufficient justi­
fication for abandoning the modular approach and its
 
advantages.
 
* 	 The concentrator array was considered superior, particu­
larly because the modified design was expected to result
 
in a lower system mass and much more manageable packaging.
 
Both expectations were later confirmed by the study of the
 
baseline design; the stowed array package, however, had
 
to be quite significantly modified. The conventional
 
PMaC approach was adopted because of its relatively low
 
risk, and because an acceptable system mass, reliability;
 
and efficiency were expected; this was subsequently vali­
dated during the study of the baseline design.
 
* 	 The concentrator array with the CDVM PMaC approach
 
(not explicitly studied) was considered as a potential
 
alternative to the baseline, depending on progress-in
 
CDVM development.
 
During the remainder of the thrust system study (conducted after
 
20 April 1977), the conceptual design was refined, a program development
 
plan was prepared, and costs were estimated for the selected baseline
 
thrust system configuration. This work is summarized in the following
 
sections.
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SECTION 3
 
BASELINE DESIGN
 
A. DESIGN SUMMARY
 
The key. features of the baseline thrust system design are summarized
 
in this section. The principal characteristics of and interfaces with
 
the other major elements of the spacecraft, mission-module, and solar
 
array are presented in the form of a design data base. The resulting
 
performance characteristics (including mass, efficiency,.and reliability)
 
of the baseline thrust system are also presented. The design character­
istics of the various subsystems that comprise the baseline thrust system
 
are discussed in more detail in Section 3.A.l.
 
1. Data Base
 
Defining the baseline design of the thrust system from the design
 
concepts selected during the configuration trade studies (Section 2)
 
required making assumptions regarding principal characteristics of the
 
mission module and solar array and of their interface with the thrust
 
system. These assumed characteristics - the data base for the proposed
 
design - are summarized inTable 4; supporting data is given in Figures 3,
 
4, and 5.
 
This data was used'in defining the electridal, structural, and
 
thermal design specifications and in determining the system performance;
 
the data is also referenced in the thrust system design description.
 
The key input to the thrust system design. is the postulated power profile,
 
shown in Figure 3. The stowed array configuration shown in Figure 5
 
helped in defining and sizing-the thrust system .structure. The length
 
of the baseline structure is, in fact, wholly determined by the length
 
of the stowed array.
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Table 4. Data Base Summary
 
Solar Array Data
 
85 kW concentrator array
 
3:1 concentration ratio (max).-

Conventional solar cells
 
PoWer profile:. 48'kW to'thrusters(l.0 to 1.8 AU); see Figure 3
 
Voltage/current profiles provided (not sh6wn in Figure 3): max
 
Voltage swibg4 over trajectory: 2-.6 to 1 (without reconfiguration)
 
Thermal characteristics (see Figure 4)
 
Deployed configuration (see Figure 5(a))
 
Side reflector angle: 450 and 600 (adjustable during mission)
 
Separation distance from thrust system sufficient to ensure
 
Hg impingement angle of 500 min at 00 gimbal angle
 
Natural frequency at root of drive structure: 0.015 Hz
 
Stowed configuration (see Figure 5(b)-)
 
S - Mission Module 
Weight: 450 kg 
Height: 2.5-m (1:5 m above thrust-system interface 
plane) -
Lowest lateral frequency: 30 Hz 
Internal temperature: 5 to 500C 
Conductance- to interface truss: 0.01 W/0C 
Emittance of multilayer inslation blanket: 0.'025
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Thrust system interface area: 1.13 m

Power requirement
 
Thrust phase: 400 W (max)
 
Rendezvous phase: 650 W (max)
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Figure 3. Power profile of the main solar array.
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Figure 5. Configuration of the solar array.
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2. Thrust S~stem Description
 
The thrust-system, shown in Figure 6 in both the stowed and deployed
 
configurations, consists of an interface module and five thrust modules.
 
Each thrust module consists of two sets of thrusters and'gimbals and of
 
the associated PMaC beam, discharge, and low-voltage power supplies,
 
packaged in a common modular assembly per thruster. Each module also
 
includes a thermal control assembly of two radiators, a cold plate, and
 
embedded heat pipes. The thrust module PMaC packages are mounted on the
 
bottom of the cold plate. Distributed over the top of the cold plates
 
and mounted on them-are the common interface module PMaC units: power
 
distribution units; distribution inverters, dc/dc converters, and con­
trollers. The interface module also houses the Hg propellant reservoir
 
system and the two solar array drives. The thrust system is designed to
 
provide for full design modularity; the modules are essentially inter­
changeable. The design may be altered to decrease or increase the number
 
of modules with relatively minor interface module modifications, and the
 
individual module designsmay be applied to other missions.
 
The stowed configuration in Figure 6 shows the solar array and the
 
thrust system-IUS adapter consisting of four beryllium tripods. This
 
structural configuration is designed to withstand the IUS loads that
 
dominate the design requirements. On one end, the adapter is mounted to
 
the IUS ring, and to the cross beams added to the ring; on the other
 
end, it is attached t6 the interface module structure at four points.
 
Separation from the IUS is accomplished by releasing the thrust system
 
at these four points (which permits the members of the adapter tripods
 
to separate and swing away) add-by releasing the solar array cannisters
 
(which are fastened directly to the cross beams) with appropriate
 
separation mechanisms.
 
The length of the thrust system, 4.7 m, is largey'ddtermined by the
 
length of the stowed solar array, Not shown in Figure 6 are the mission
 
module and the science payload, which are mounted on top of the interface
 
module. The overall length of the, IUS/thrust-syftem/mission-module/payload
 
configuration is estimated to be well within the shuttle bay length of
 
18.3*m (60 ft). When installed in the shuttle bay, the thrust system
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will utilize a forward attach cradle between the interface module and
 
the shuttle (not shown in Figure 6) to withstand the shuttle launch
 
loads.
 
The thrusters are 30-cm, 900-series EMTs modified for operation at
 
higher beam voltage: the associated gimbals provide for thruster gim­
baling of 6p to 5o in the directioh toward the astromast and 350 in the
 
direction perpendicular to the astromast. The thrust module PMaC beam
 
and discharge supplies are of conventional series resonant inverter
 
design. The Hg propellant system utilizes a common, dual tank system.
 
3. ThrustSystem Operations and Performance
 
The thrust system operations profile was defined using the power
 
profile in Figure 3 and the preliminary mission/trajectory data fur­
nished by NASA LeRC. Thi's operations profile is consistent with the
 
June 1982 launch and December 1985 Halley's comet encounter dates and
 
with the constant'specific impulse assumed in the trajectory analysis.
 
The thruster parameters and the management plan were selected'(ftom'
 
among several alternatives) to achieve the highest possible thrust system
 
efficiency and reliability consistent with a propellant mass at least as
 
low as that allotted. However, this selection cannot be considered
 
optimum, since it is implicitly related to mission flight dynamics and
 
system design. Extensive'iteration between the thrust system parameters
 
and performance, total spacecraft system design characteristics, and
 
mission/trajectory must be performed to arrive at an optimal set.
 
The key thruster parameters selected are shown in Table 5. The
 
maximum power per thruster, P1AX' was selected to be 6.4 kW, with an
 
assumed constant beam voltage of 3,000 V. This is compatible with the
 
postulated thruster capability, and it is consistent with the criterion
 
for maximizing thrust-system efficiency and reliability:
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0 
 Operating with an integral number of thrusters at power
 
levels close to PMAX under high solar panel power con­
ditions (48 kW at the beginning and the-end of the
 
mission).
 
* 	 Operating with a minimum of two thrusters. (rather
 
than one) at power levels close to P!4AX to provide the
 
thrust vector control function under conditions-of low
 
solar panel power (at large heliocentric distances).
 
With PMAX = 6.4 kW, the above criteria led to the use of seven thrusters 
at low heliocentric distances and two thrusters at high heliocentric 
-distances. 
The resulting thruster operations plan is shown in Figure 7. This
 
profile was generated by applying several additional criteria that opti­
mize reliability: (1)equalization of total hours per thruster among
 
operational thrusters; (2) keeping one thruster as spare (i.e., spreading
 
the total thruster/mission hours among nine operational thrusters); and
 
.(3) turning thrusters on and off individually, rather than in pairs.
 
This results in an aVerage of approximately 13,600 hr of operating time
 
per thruster, which provides a reasonable margin below the stipulated
 
15,000 hr of thruster life expectancy (prior to wearout). Although with
 
ten operational thrusters the average hours per thruster would be cor­
respondingly lower (by a factor of 9/10), standard reliability prediction
 
algorithms indicate that the overall reliability,without a spare would
 
be significantly lower.
 
The thrust-system reliability predictions, shown in Table 5,-were 
derived using the above thruster parameters, estimates of expected ­
thruster failure rates prior to 'wearout, and reliability estimates of 
other thrust-system components. Lack of adequate~data on expected, 
thruster failure rates required that the results be given in terms of an 
estimated range, indicated in Table 5, corresponding to the range of 
failure rates believed to correctly bracket the expected thruster relia­
bility. Reliability of other thrust-system components, which was esti­
mated from a detailed analysis of components characteristics and parts 
counts, is believed to be reasonably accurate. 
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Table 5. Thrust System Performance Suinnlary
 
System Characteristics 

Thruster parameters
 
9 operational thrusters and PMaC supplies 

Number of thrusters operating simultaneously
 
7 maximum 

2 minimum 

Maximum power per thruster: 6.4 kW 

Average operating time per operational 

thruster: T = 13,600 hr
 
Thruster efficiency at average power: 76.2% 

Thruster reliability = exp (-AT) 
-6 
lO < X < W05 

Average thrust system efficiency: 70% 

Thrust system reliability range
 
Estimated lower bound: 37% 

Estimated upper bound: 72% 

System mass, kg
 
Thrust system, drya 1010 

Hg propellant 1810
 
Solar array 700 

Mission module 450 

Total injected after IUS 3970
 
separation
 
Adaptera 130 

Total IUS.payload 4100 

asee Section 3.B.3 for breakdown.
 
Conents
 
1 spare
 
Low AU (48 kW array power)
 
High AU
 
3 kV beam voltage (constant)
 
Same for each of the 9 thrusters
 
Average power = 5.9 kW 
Expected life =-15,000 hr 
T < 15,000, X = failure rate, failures/hr 
Excluding 400 W to mission module
 
X = 10-5 (pessimistic)
 
'X= iO6 (closer to expected)
 
Including 15% contingency and Hg residuals
 
Assumed (given by NASA LeRC)
 
Assumed (given by NASA LeRC)
 
Including.15% contingency 
- .­
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Figure 7. 'Thruster operation profile. 
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Average thrust-system efficiency, shown in Table 5, was calculated
 
using the predicted thruster efficiency of 76.2% at an average thruster
 
power level of 5.9 kW. Also considered in the calculation were thrust­
system power requirements and dissipations, including housekeeping func­
tions but excluding the 400 W of power supplied to the mission module.
 
The indicated average thrust-system efficiency of 70% provides one input
 
to the iterative system/trajectory analysis.
 
Table 5 shows estimates of system mass; these are based on thrust
 
system esti-mates (presented in more detail in Section 3.B.3) and on..
 
mercury propellant requirements'given.by, the thruster/power-profd le
 
analysis above. Thrust system mass estimates include a contingency of
 
15%. Using the mass estimates for the solar array and for the mission
 
moduleeprovided by NASA,LeRC, the resulting IUS paylo.ad mass of 4,100 kg
 
iswithin the IUS capability for the launch energy determined from the
 
trajectory analysis.
 
B. DESIGN DESCRIPTION
 
1. Thruster and Gimbals
 
The ion thruster design adopted for this study is based on the 30-cm
 
mercury ion thruster shown in Figure 8 (designated the 900-series EMT)J'2
 
This thruster is basically a-scaled-up version of the.15-cm thruster
 
developed under NASA LeRC direction during the period from 1960 to 1969
 
and flight tested by NASA LeRC with SERT II. The 900-series EMT has
 
evolved through an extensive development and testing program, which fol­
lowed the SERT II program. The 30-cm thruster is designed to operate at
 
a nominal power level of 2.5 kW, a thrust level of 128 mN, and a specific
 
impulse of 3000 sec (1100 V beam voltage). The EtIT technology base
 
includes extensive documentation of thruster performance characteristics
 
and critical component properties. 3-7
 
The Halley's comet mission would require a somewhat higher specific
 
impulse and thruster power level than provided by the baseline 900-series
 
EMT design to reduce the mass of the propellant and thrust system.
 
Although we did not attempt to optimize the mission or the trajectory,
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Figure 8. 900-series 30-cm Et4T. 
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a zero-order tradeoff study implied that a nominal thruster power of
 
6.4 kW at a specific impulse of 4,770 sec would be required. These
 
specifications could be obtained by operating the thruster at 2 A beam
 
current and 3,000 V beam voltage. Thus, the only performance extension
 
required over that of-the EMT design would be an increase inthe beam
 
voltage. As a first'approximation, only two modifications to the 900­
series EMT design would be required. First, the propellant electrical
 
isolators, which are rated at approximately 1,500 V, would need to be
 
replaced by equivalent components rated at an adequate margin above the
 
3,000 V beam voltage requirement. Second, the beam forming assembly, or
 
ion optics, would need to be adjusted to extract and focus the 2 A ion
 
beam at 3,000 V without interelectrode breakdown (arcing). This adjust­
ment would be simply an increase in the spacing between the beam-forming
 
electrodes.8 For thrust system design and analysis, it was assumed that
 
these adjustments to the 900-series EMT design could be successfully
 
incorporated and that the resultant extended-performance thruster would
 
have characteristics readily extrapolated from those of the EMT. These
 
characteristics included:
 
* 	 A maximum beam current of 2 A with the thruster operable
 
at any beam current inthe 1 A to 2 A range.
 
* 	 Thruster wear rate proportional to beam current.
 
* 	 A wearout lifetime greater than 15,000 hr with a
 
constant failure rate (before wearout) of less than
 
lO-5 failures per hour.
 
To evaluate the extended performance capabilities of the modified
 
900-series EMT, an approach confirmation task was conducted. (The results
 
are reported in Section 6.) The performance assumptions described above
 
were essentially validated with the exception of some unresolved incon­
sistencies in thruster wear rate and isolator leakage current measure­
ments. Consequently, further performance verification tests are proposed
 
in the initial phases of the Halley's comet program (discussed in
 
Section 4).
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The thruster operational parameters specified in the preceding
 
section (6.4 kW maximum power and-3 kV constant beam voltage) were
 
arrived at by a process of selection from among several alternative oper­
ating conditions; the results.of this process are summarized in Table 6.
 
This selection is tentative, pending further trajectory analysis and 
iteration with thrust system parameters and performance. For example, 
option D, which results in a lower propellant weight and a reduced thruster 
life requirement, may be preferred if the high-specific impulse is accept­
able, although an engineering trade analysis would still be required to 
determine the impact of the higher beam voltage required. -
The gimbal mechanism required for this application (as specified by
 
NASA9) is shown in Figure 9. Two linear actuators provide two axes of
 
angular motion, with a range of angular adjustment of ±56 about the
 
Z-axis and :350 about the Y-axis indicated. The gimbal system can be
 
readily integrated with the thrusters, although some additional develop­
ment is required. The thruster/gimbal system must be subjected to a
 
flight qualification program, which is included in the proposed program
 
plan in Section 4.
 
2. , Power Management and Control
 
The baseline PMaC subsystems comprised of interface module units and
 
five thrust module units (two.thrusters per module), is described in
 
block diagram form in Figure 10. The PMaC system is designed to operate
 
within the specified solaS array voltage range, of 200 to 400 V from the
 
main panel and 100 to 200 V from the auxiliary panel. It provides the
 
required voltage and current inputs to operate the thrusters, supplies
 
power for the thrust system housekeeping functions,'and furnIshes the
 
required mission module power: 400 W during the thrust phase and 650 W
 
after the thrust phase. The design also provides for the requi red iso­
lation, filtering, interaction protection for EMI control, fau'lt pro­
tection, and'automatic recovery from thruster malfunctions. These
 
recovery modes. and the.power management of normal thruster operations are
 
directed by.the PMaC controller in the interface module.
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Table 6. Thruster Operational Parameters versus
 
Design Options
 
Option
 
Parameter
 
A B C D 
Maximum number of thrusters operating 8 7 7 7
 
simultaneously
 
Beam voltage (constant during 

mission), kV
 
Average beam current, A 

Maximum thruster power, kW 

Average thruster power, kW 

Specific impulse, sec 

Average thruster efficiency, % 

Total Hg, propellant required, kg 

Operating time per thruster, hr
 
10 operational, no spares 

9 operational, 1 spare 

8 operational, 2 spares 

Sele.cted Baseline
 
2.7 2.9 3.0 3.3
 
1.80 1.83 1.83 1.78
 
6.0 6.3- 6.4 7.1
 
5.3 5.7 5.9 6.3
 
4520 4690 4770 4980
 
75.4, 76.0 76.2 76.3
 
2025 1830 1810 1660
 
13,870 12,360 12,200 11,475
 
15,410 13,733 13,600 12,750
 
17,340 15,450 15,250 14,343
 
Option C with 9 operational thrusters and 1 spare
 
Selection Criteria
 
Reliability, Hg weight,.power/voltage, Isp, efficiency
 
Selection Rationale
 
@ Option A rejected: poor reliability, large Hg weight'
 
* OptionD rejected: high voltage, ISE probably too high­
* Option C preferred to option B: higher reliability and
 
efficiency
 
* 9 operational-and 1 spa e preferred for better system 'reliability
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Table 7 lists the PMaC components, jilcating their size, mass, 
power consumption, and redundancy. The redundancy was selectedto ­
ensure reasonable system reliability (consistent with system mass 
considerations). The resulting effective functional reliability is 
estimated to be 0.955 for the interface module PMaC subsystem, and 0.930
 
for the half-moGule PI1aC equipment (per thruster).
 
The thrust module P1aC subsystem (one per thruster) consists of
 
three modules- beam supply, discharge supply, and low-voltage poWer
 
supply - in a common package. This package utilizes the NASA LeRC
 
Z-frame packaging technique being pursued for the 3-kW power processor.
 
The overall dimensions of this package are 1.02 m x 0.38 m x 0.15 m
 
(40 in.x 15 in.x 6 in.). The beam supply module, which incorporates
 
the accelerator supply, has an efficiency of 94%. Its efficiency is
 
assumed to be constant over the operating range. The power supplies
 
utilize the current-controlled series-resonant power-inversion circuit
 
approach to the conventional power-processor circuitry currently under
 
development for NASA LeRC for the 3-kW power level. All,units feature
 
fault protection at the input power bus, and output power bus protection
 
from thruster arcing. The discharge supply provides thruster startup
 
heater power. The principal current-voltage (I-V) characteristics of the
 
individual supplies, as required for thruster operati.on, are summarized­
in Table 8.
 
Interface module PMaC units include solar array control and power­
distribution units for channeling the power from the main solar panel 
to
 
the 10 beam/discharge supplies, distribution inverters for driving the
 
10 sets of low-voltage supplies from the auxiliary solar panel, and dc/dc
 
converters to transform the auxiliaty panel power to meet the mission
 
module, housekeeping, and controller power-requirements. 
-Transient cur­
rent requirements are met by the batteries furnished inthe mission
 
module to support the 30 V bus.
 
Power-distribution units provide circuit isolation and contain
 
individual filters for.electromagnetic interference (EMI) control. Solar
 
array control units - one for each array wing - ensure that voltage input
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Table 7. PHaC Units 
Unit Unit Size, m (in.) Weight, kg Unit Power Number of Units 
Unit Dissipation, W Active Standby 
Interface module 
Power distribution 0.102 x 0.127 x 0.304 (4 x 5 x 12) 17.3 66 5 0 
Solar array 0.102 x 0.203 x 0.304 (4 x 8 x 12) 5.0 0 2 0 
control 
Distribution l0.076 x 0.152 x 0.076 (3 x 6'x 3) 1.0 30 2 1 
inverter 
DC/DC converter 0.102 x 0.152 x 0.152 (4 x 6 x 6) 1.7 73 1 1 
Controller 0.102 x 0.203 x 0.304 (4 x 8 x 12) 4.0 15 1 1 
Thrust module Per Module 
Beam supply 0.152 x 0'.381 x 0.487 (6 x 15 200 390 2 6 
x 19.2) 
Discharge supply 0.152 x 0'381 x 0.274 .(6 x 15 5.0 52 2 0 
x 10.'8) 
Low-power supplies 0.152 x 0.381 x 0.127 (6 x 15 6.3 26 2 0 
x.5) 
4 
Table 8. Thruster Power Supply Requirementsa
 
Power Supplies 

Beam supply
 
Screen 

Accelerator 

Discharge supply 

Low-Voltage supplies
 
Main and cathode vaporizer 

Isolator heaters 

(startup only)
 
Neutralizer and cathode 

heater (startup only)
 
Neutralizer vaporizer 

Neutralizer keeper 

Cathode keeper 

Magnetic baffle 

MaximumVoltage, MaximumCurrent, 
V A 
3000 '2.0 
-500 0.02 
60 16.3 
9 -1.5 
9 4.0 
15 4.4 
6 1.5 
25 2.5 
15 1.0 
2 5.0 
apower supply capacities, not operating points.
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to the PMaC unit ismaintained within the specified 2:1 ratio* over the
 
mission; alternately, solar array tilting might be necessary.
 
The two operational distribution inverters - one for each set of
 
five low-voltage power supplies - and the operational dc/dc converter
 
have the transistor-bridge design with series dc regulators. Input
 
filters are provided on the power bus, and fault protection is achieved
 
with pulse-width modulated switches and series regulators driven by logic­
sensitive to overcurrent conditions. Output transformers of the dis­
tribution inverter are located in the low-voltage power supplies. When
 
a failure occurs, the redundant unit - one distribution inverter and one
 
dc/dc converter - is automatically switched in either by the controller
 
or by a self-sensing switching circuit.
 
The conceptual design of the controller is shown in Figure 11. To
 
make the design definitive would require more exact knowledge of mission
 
module design and interface requirements. In addition to providing for
 
commands and management of normal thruster operations within pre­
programmed parameter limits, the controller may also automatically
 
respond to certain retoverable thruster malfunction modes. Some of'these
 
modes, and the corrective actions required, are shown in Table 9. By
 
using its stored data base and pre-programmed logic, the controller can
 
identify and categorize these modes by comparing measured power-supply
 
parameters to a pre-stored pattern and analyzing the deviations; the
 
controller then automatically initiates the required corrective command
 
sequence.
 
Interface module units are packaged to facilitate equal power
 
dissipation and weight among modules. The units are structurally mounted
 
on the cold plates (as dis-cussed below) to assure thermal and structural
 
module similari-ty-, thereby .preserv-ing-thrust sysem--modu -ari-ty. Thermal
 
control maintains mounting surface temperatures for all units below
 
50°C, and individual unit design ensures a thermal load less than-2 W/in.
2
 
* 
The expected voltage swing of the baseline array may be as large
 
as 2.6:1.
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. Figure 11. Controller block diagram.
 
Table 9. Recoverable Thruster Malfunction Modes
 
Malfunction Manifestation Cause/Source Remedial Action
 (Parameter Deviation) of Malfunction Required
 
Screen (beam) IScreen > 3.5 A for 0.5 seca Momentary high plaima Disconnect high 
overcurrent density between voltage 
IAcc > 0.2 A for 1 seca extraction grids RucIDischgReduce I

IAcc > 0.4 A for 0.1 seca Restore high voltage
 
Discharge shifts Low cathode Hg flow rate Excess Hg in discharge Shut down main
 
to low mode chamber vaporizer until:
 
operation High main Hg -flow rate
 
Cathode vaporizer
 
High IAcc power reaches
 
normal
 
IScreen 10% below set point 
 'Acc reaches 0.3%
 
of IBeam
 
Screen 
accelerator 
IAcc repeatedly exceeds 
04 A for 0.1 sec 
Metallic flakes 
between grids 
Activate grid
clearing circuits 
breakdown (conductive path) (remove conductive 
path.) 
Isolator is repeatedly Coated isolatorsa Operate thruster 
c
cnan o3.5Afor0.5secwith-isolator heater
exceeds 3.5 A for 0.5 sec Foreign material and with discharge 
between isolator power 
shieldsa 
- . ,Liquid penetrationa 
aAny one of these. 
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3. 	Structural Design
 
The structural configuration of the thrust system is shown in
 
Figure 12; the key elements (and their assembly sequence) are given for
 
both the thrust module and the interface module. Figure 13 shows design
 
details in the three-view layout of the full configuration, which includes
 
the stowed array and the adapter. The design was evolved from the fol­
lowing considerations:
 
a 	 Accommodation of solar array stowage and deployment
 
requirements
 
* 	 Compliance with IUS and shuttle load requirements
 
and constraints
 
*' 	Minimization of in-orbit weight
 
* 	 Provision for thrust system modularity
 
* 	 Provision of a viable interface with the mission
 
module and with the IUS
 
* 	 Ease of assembly and accessibility.
 
Adapter design and structural sizing were governed by IUS loads,
 
which dominate design requirements. The adapter is comprised of four
 
beryllium tripods. This configuration, mandated by the large volume
 
occupied by the stowed array, provides the requisite rigidity and
 
strength without an excessive weight penalty. Minimum IUS interface
 
impact was accomplished by utilizing the IUS ring, although it was nec­
essary to add cross beams (as shown in Figure 13). The adapter tripods
 
attach to the interface module at the four points shown.- IUS separation
 
is effected at these points using concentric, pyrotechnic separation
 
bolts and push-off springs to produce linear separation with minimum
 
tip-off rate. Simple rotation of tripod members occurs simultaneously.
 
The array cannisters are supported directly by the adapter cross beams
 
at four points (not explicitly shown).- Separation is completed using
 
push-off springs and pyrotechnic separation fasteners at these four
 
points.
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Shuttle load conditions are satisfied with a supplemental forward
 
support cradle (not shown), which attaches-the interface module to the
 
shuttle bay.
 
Thrust modules are virtually identical, thereby providing for design
 
modularity. The only difference between the modules is in the composition
 
of the interface module PMaC units mounted on top of the cold plates.
 
These units, however, are sized and distributed to nearly equalize mass
 
and power dissipation per module. Provision of additional mounting
 
holes on top of the cold plates further permits full module interchange­
ability. As shown in Figure 12, the design features excellent accessi­
bility to components on individual modules, a simple assembly sequence,
 
and reasonable accessibility to componehts in the integrated configura­
tion. A relatively simple mission module interface is assured by
 
providing the largest footprint consistent with structural efficiency:
 
four attach points along the circumference.of the 1.3 m radius circle,
 
with a 1 m distance between them.
 
The 4.7 m length of the thrust system was primarily determined by
 
the length of the solar array. Thrust module radiators could be
 
lengthened by 0.4 m without increasing the length of the thrust system.
 
The longest lateral dimension - across the shuttle bay - was determined
 
by the size of the thrust module PMaC package, specified by NASA LeRC to
 
be 1.02 m x 0.38 m (40 in. x 15 in.) per thruster supply. The shape of
 
this package, mounted in the Z-frame structure used for the conventional
 
PMaC design, is shown in Figure 12. The 0.76 m (30 in.) width per thrust
 
module (two PMaC packages) resulted in the 4.3 m width of the five-module
 
configuration; this will just fit into the shuttle bay. The other lateral
 
dimension is determined by the stowed array and the IUS cross-beam
 
supports.
 
The materials selected for the thrust system structural elements
 
are shown in Table 10. These materials were selected to minimize weight
 
and to satisfy the criteria indicated in the table. The thrust system
 
mass breakdown and dynamic mass properties are summarized in Tables 11
 
and 12, which show the-mass breakdown rounded off to the nearest 5 kg,
 
as well as the location of the center of gravity and the moments of
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Table 10. Structural Materials
 
Structural Element 

Interface truss
 
Lower frame 

Fittings 

Tubes 

Tanks 

Thrust modules
 
Cold plate honeycomb 

core and face sheets
 
Radiators 

Heat pipes 

Truss tubes 

Fittings 

Adapter
 
Tubes 

Beams 

Fittings 

Material 

Aluminum 

Aluminum 

Beryllium 

Stainless steel 

Aluminum 

Aluminum 

Stainless steel 

Titanium 

Aluminum 

Beryllium 

Beryllium 

Aluminum 

Selection Consideration
 
Strength and manufacturability
 
(forming)
 
Strength and machinability
 
Low mass and high stiffness
 
Per NASA LeRC specification
 
High thermal conductivity
 
High thermal conductivity
 
Proven CTS design
 
Strength and low thermal conductivity
 
Strength and machinability
 
Low mass and high stiffness
 
Low mass and high stiffness
 
Strength and machinability
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Table 11. Thrust System Mass Summary
 
Subsystem 
Thrust modules (5) 
Mass, kg 
620 
Thrusters/gimbals 
PMaC unit and harness 
120 
340 
Thermal control 115 
Propellant lines/valves 
Structure and miscellaneous 
10 
35 
Interface module 260 
PMaC unit and harness 140 
Propellant storage and distributi
and residuals 
on 60 
Solar array drive 
Structure and miscellaneous 
10 
50 
Subtotal 880 
15% contingency 
Thrust system, dry 
Hg propellant 
Thrust system, wet 
Adapter, including contingency 
130 
1010 
1810 
2820 
130 
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Table 12. Thrust System Dynamic Mass Properties
 
Mission Phase
 
Property At IUS 
Separation 
At End of 
Thrust Phase 
(Tanks Full) (Residuals Only) 
Center of mass: 
IUS interface 
location above 3.6 m 3.1 m 
Moment of inertia about the center
 
of mass
 
2800 kg-m 2 1500 kg-m 2
 I 

I 4000 kg-m 
2 2200 kg-m 2
 
1100 kg-m 2 500 kg-m 
2
 
IZ 

Products of inertia about the negligible negligible
 
center of mass
 
Coordinate Reference:
 
X-Axis
 
TCenter of Mass
 
Center of Mass Location IUS Interface
 
1 Z-Axis
 
Y-Axis Perpendicular to Plane
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inertia for the two extreme propellant loadings during the mission.
 
Configuration symmetry yields very small cross products of inertia.
 
4. Mercury Prooellant Storage and Distribution
 
The propellant storage and distribution system, shown schematically
 
in Figure 14, consists of two stainless-steel mercury-storage tanks,
 
stainless-steel feed lines, nitrogen and mercuryfeed valves, a-distri­
bution manifold, solenoid latching valves, field joints, flexible gimbal
 
lines,,and tank temperature and pressure transducers. The propellant
 
tank and distribution system design was specified by NASA LeRC. A two­
tank configuration was selected, although the baseline design accommodates
 
the single-tank alternative.
 
The principal advantages-of the two-tank configuration are better
 
dynamic load response; more flexibility in selecting the most favorable
 
center-of-gravity (CG) locations; simpler assembly and better accessi­
bility; and approximately a i kg lower net mass, primarily because of
 
the lighter interface module truss structure. The single-tank configura­
tion merits further consideration, however, because it would eliminate
 
one problem present with the two-tank configuration. With two tanks,
 
the possibility exists that the, tanks may not empty at the same rate,
 
which would impair vehicle balance during flight. Furthermore, the
 
single-tank design is somewhat more reliable because it has fewer parts,
 
although this difference may not significantly affect overall system
 
reliability.
 
The propellant tank uses a nitrogen gas expulsion technique to sup­
ply the propellant to the thruster. The system operates at 276 kPa
 
(40 psi) with the tank full and at 104 kPa (15 psi) at depletion. The
 
design is based on the approach employed for the SERT II spacecraft,
 
with the shape of the bladder support liner modified so that only the
 
volume of the required mercury is supported by the liner.
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5. Solar Array Drive
 
The solar array drive employs the design developed for NASA LeRC; I0
 
it is shown in Figure 15. The drive system consists of two drive
 
mechanisms and corresponding electronics, incorporated in the PMaC con­
troller. The function of the drives is to rotate the solar array as
 
required during the mission.
 
6. Thermal Control
 
The design of the thrust system thermal control subsystem is described
 
in Figures-16 and 17. The design evolved from an extensive tradeoff
 
analysis, based on the mission module and solar array interface data base
 
in Section 3.A.1, to ensure compliahce with the thermal requirements of
 
the thrust system (presented in Tables 13 and 14).
 
.:Thermal control is provided by the cold-plate/radiator assembly on
 
each module, with two radiators per module; these use the type of
 
variable-conductance heat pipes (VCHPs) used in the Communications-Jech­
nology Satellite (CTS) type. The VCHPs are embedded in the structure
 
and thermal blankets. Thrust module and interface module PMaC units are
 
mounted on the two sides of the cold plate; they are arranged to approxi­
mately equalize heat dissipation per module. The heat pipes are coplanar
 
to permit ground testing. The design is facilitated by the stipulated
 
attitude constraint that the radiators never be illuminated by sunlight.
 
The principal design parameters are indicated'in Figure 17 and
 
in Table 15. Cost and weight considerations led to the nonredundant
 
heat pipe design of four heat pipes per radiator, spaced as indicated.
 
Each heat pipe extends the full length of the cold plate. The design
 
could, however, be readily modified to incorporate additional -redundant-)
 
heat pipes, if it is deemed necessary (e.g., as a contingency in the
 
event of heat pipe failure).
 
The resultant'thermal design was subjected to a computer analysis,
 
which also properly accounted for the thrust system "view factors" to the
 
mission module and solar array. The resultant temperature predictions
 
(shown in Table 12 in direct comparison with design requirements) fully
 
demonstrate thermal control design adequacy.
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Table 13. Thermal Design Criteria and PrediLted Performance
 
Temperature, °C
 
Unit or ubsystm 

PMaC mounting surface 

Propellant tanks' 

Propellant lines 

Thrusters 

Gimbals 

Solar array drive 

Structure 

(A Minimum Condition 
(All Thrusters Off at 4.5 AU) 

Allowable Predicted 
.Limit Value 
- 30 -21 
- 40 -31 
- 40 -15 
-100 -68 
- 65 -57 
- 30 -20 
-185 -43 
Maximum Condition
 
(All Thrusters On at 1 AU)
 
Allowable Predicted
 
Limit Value
 
50 49
 
150 36
 
150 45
 
300 254
 
125 112
 
60 47
 
200 65
 
Table 14. Power Dissipation Breakdown
 
Units or Subsystem
 
Thrusters, each module 

PMaC
 
Each module 

Interface module 

Solar array drive 

Power Dissipation, W
 
-Maximum Minimum
 
750 0
 
936 0
 
-113 65
 
4.5 0
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Table 15. Design Characteristics oF L},e Radiatu- and the Heat Pipes
 
Radiators
 
Size, each radiator: 2.0 m x 0.81 m x 0.005 m
 
Mass, each radiator: 6.2 kq
 
Total mass, 10 radiators: 62 kg
 
CTS-Type VCHP
 
Dynamic range (from full on to full off): 280C
 
Leakage per VCHP (full off): 1 W
 
Mass: Heat pipes 0.258 kg/m
 
Reservoirs 0.155 kg each
 
Heat transport (at 500C):
 
Capability: 305 W-m (12,000 W-in.) (max)
 
Design requirement: 269 W-m (10,600 W-in.)
 
(max)
 
216 W-m (8,500 W-in.)
 
(average)
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SECTION 4 
PROGRAM PLAN
 
A. GENERAL CONSIDERATIONS
 
The program plan was developed with the objective of delivering the
 
spacecraft thrust system soon enough before the stipulated 1 June 1982
 
launch date to-provide adequate time for spacecraft integration and
 
testing. The intent is to minimize -FY 1978 funding requirements. Also
 
considered in developing the program plan were the stipulated contract
 
award dates and phases: Phase I, design definition, starting 1 April- 1978,
 
and Phase II,system acquisition, starting 1 October 1978.
 
In structuring the program plan, the fundamental assumption was made
 
that the thrust system (including the adapter) should be developed,
 
designed, fabricated, and delivered as a complete major subsystem.
 
Because of the intrinsic electrical, structural, and thermal interfaces
 
inherent in the development and design of this subsystem, it is not con­
sidered technically viable to parcel outthe components of this major
 
subsystem for development and delivery by separate organizations for
 
subsequent integration at the spacecraft level. There are several
 
examples of such intrinsic design interfaces that require a single tech­
nical'focal point if they are to be resolved during the development
 
phase; these include (1)interactions among the thruster, the thrust
 
module P[1aC components, and the interface module PMaC components;
 
(2)thermal design that requires full cognizance of all elements of the
 
thrust modules and of the interface module; (3)structural design that
 
cannot be assured or properly tested except at the thrust system level
 
(including adapter); (4)propulsion subsystem design tanks and distri­
bution system that involves both the interface modules and the thrust
 
modules. On the other hand, the interface between the thrust system and
 
the other major elements of the complete spacecraft - solar array and
 
mission module - is comparatively simple, and can be readily implemented
 
by providing the required simulators and mass models. In any event; the
 
management of system interfaces poses a major program challenge (including
 
interfaces with the shuttle and with the IUS).
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B. 	MASTER SCHEDULE - PROGRAM PLAN OVERVIEW
 
The program plan calls for the delivery of the fully tested flight
 
thrust system on 1 June 1981. Figure 18 presents an overview of the
 
thrust system program plan; key milestones and the development/procurement
 
time spans are shown in Figure 19, the master schedule.
 
.The proposed plan features three sequential (but partially over­
lapping) activities: development, qualification, and flight hardware
 
procurement. These activities are shown-in the simplified flow chart
 
overview in Figure 20. Each activity culminates in major module-level tests
 
followed by system-level tests during the time periods shown in Figure 19.
 
Each activity then, results in delivery to the spacecraft of the
 
* 	 Thrust system electrical model on I March 1980 for early
 
spacecraft-level electrical compatibility tests, as
 
required
 
* 	 Thrust system qualification model on 1 December 1980 as
 
a potential "pathfinder"
 
* 	 Flight thrust system delivery on 1 May 1981, 13 months
 
before launch.
 
C. 	REQUIRE14ENTS FOR ADVANCED DEVELOPMENT AND
 
PROCUikEHENT 
Although the key elements of the proposed program plan generally
 
correspond to the stipulated two-phase definition/acquisition program, it
 
will be necessary to begin development and procurement substantially before
 
the scheduled initiation dates for the two phases of the program (IApril
 
1978 and 1 October 1978). One way these advanced development and pro­
curement activities might be implemented is suggested in Section 4.11.
 
The reason these advanced acti-vities are needed is evident from the
 
development and procurement time spans indicated in Figure 19; the need
 
stems primarily (but not entirely) from the lead time required for the
 
development of PIlaC hardware. Specific requirements for advanced devel­
opment and procurement are shown in more detail in Figure 21. In par­
ticular, considering the lead times required, it is deemed mandatory to
 
initiate PMaC design definition no later than September 1977, and to
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Figure 19. Master schedule for the thrust-system program.
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Figure 20. Simplified flow chart of program development, procurement, and testing.
 
start PMaC hardware procurements without delay. In addition, to meet
 
the delivery date for the heat pipes, it is necessary to begin develop­
ment of the final specifications by 1 January 1978 and to begin pro­
curement by 1 March 1978. Beryllium delivery lead times require advanced
 
procurement starting 1 January 1978. Figure 21 also shows the proposed
 
immediate initiation of thruster performance verification tests using the
 
modified 900-series-thrusters.
 
D. DEVELOPMENT PROGRAM
 
The development activity shown in Figure 20 comprises PMaC system
 
and thruster development, and parallel developments of the other major
 
subsystems: thermal control, propellant storage, solar array drive,
 
structure, and adapter. The PMaC-electronics/thruster development pro­
gram is shown in more detail in the flow chart in Figure 22. A schedule
 
for all the development activities is'shown in Figure 23.
 
The PMaCrelectronics/thruster development program features sequential
 
breadboard- and development-model module-level tests, followed by tests
 
at the thrust-system level using a single-string interface module PMaC
 
unit and the mission module electrical simulator. To ensure that major
 
intermodule interactions are explored, two full modules will be fabri­
cated and tested. All developmental model electronics will be flight
 
configured, but use commercial parts. The system is therefore considered
 
not to be flight quality; no module' environmental testing is included in­
this development. 'Correspondingly, structural thermal, and propulsion
 
subsystems for these configurations are either non-flight or simulated,
 
as required. 'Thermal control in vacuum chambers is provided by separate
 
means. After the thrust system electrical tests are completed, the
 
thrusters will be replaced by equivalent electrical load simulators for
 
subsequent spacecraft-level electrical compatibility tests (inair), as
 
desired.
 
Thermal control development is a separate parallel activity that
 
entails the designing, developing, and life testing of heat pipes and
 
the designing and testing of a separate thermal model. Corresponding
 
parallel propellant-subsystem, solar-array-drive, and structure/adapter
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Figure 21. Requirements for advanced development procurement.
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Figure 22. 	 Development flow chart for thrusters/PMaC-electronics
 
subsystem.
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Figure 23. Development program schedule. 
development is also indicated. Structural development includes static
 
tests of one adapter tripod, the development of structural math models
 
and coupled-load analysis, and deployment tests using an aluminum adapter
 
model.
 
E. QUALIFICATION PROGRAM
 
A flow chart for the qualification program is shown in Figure 24,
 
with the corresponding schedule shown in Figure 25. The proposed quali­
fication plan features a comprehensive, albeit minimum-cost, program to
 
assure maximum confidence in thrust system electrical and environmental
 
integrity prior to delivery. This jlan would greatly reduce the possi­
bility of discovering problems at the spacecraft level; such a late
 
discovery would probably cause a nonrecoverable schedule slippage.
 
After unit-level qualification of the thrusters and gimbals, elec­
tronics, solar array drive, and propellant tanks, two complete thrust
 
modules will be assembled and subjected to complete electrical testing
 
and environmental testing (invacuum), using externally mounted interface
 
module PMaC electronics. Module-level tests will be used to qualify the
 
thermal subsystem. The subsequent qualification program at the thrust­
system level will consist of two distinct tests: a structural qualifi­
cation test in a vibration facility, and an electrical and thermal
 
vacuum qualification test in a thermal vacuum facility.
 
The structural qualification test, which serves to validate system
 
structural integrity (including the integrity of the adapter and of the
 
propellant storage and distribution subsystem), will be performed on a
 
simulated full structural assembly that will include the mass models of
 
the mission module and of the stowed solar array. Dummy interface -PraC
 
units and three dummy thrust modules with simulated thermal control will
 
be used to minimize cost; their use will not significantly jeopardize
 
technical integrity. Then, after the mass models and the'adapter are
 
removed, and the qualification PMaC interface units are installed, the
 
electrical and the thermal-vacuum tests will- be conducted using the 
mission module electrical simulator.
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Figure 24. Qualification program flow chart.
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Figure 25. Qualification and flight system schedule.
 
Using the electronic units in the qualification tests would preclude
 
their being used for flight without first being reconditioned, and
 
schedule considerations do not allow time for such reconditioning.
 
Furthermore, this plan calls for the qualification thrust system to be
 
delivered intact to the spacecraft immediately after the qualification
 
program. Therefore, we propose that a separate set of flight units and
 
flight spares be procured for the flight system. The significant excep­
tion to this proposal is the beryllium adapter, which is to be delivered
 
and used in the flight system after the structural qualification program
 
is completed.
 
F. FLIGHT SYSTEM PROCUREMENT AND TESTING
 
. The procurement, fabrication, assembly, and testing steps for the
 
flight system and flight spares are indicated in the flow diagram in
 
Figure 26 (the corresponding schedule is shown in Figure 25). This pro­
curement and testing program will begin shortly after the qualification
 
program because of schedule pressure, but with a sufficient lag to allow
 
modest changes resulting from the qualification program to be incorporated;
 
major design changes could not be made in the time allotted, however.
 
The flight acceptance test (FAT) program sequence is similar to the
 
qualification program sequence, except that the. test configurations and
 
levels of testing are significantly different. Units and modules will
 
undergo the FAT program at lower levels of environmental exposure. All
 
five modules will be tested; one additional complete module, which will
 
serve as a flight spare, will also be tested. The qualification model
 
interface PMaC electronics will be used to acceptance test these flight
 
modules before the flight model interface PMaC electronics become avail­
able. A single-string set of spare interface module PMaC units will also
 
be fabricated and tested. At the thrust system level, the structural FAT
 
program will be conducted on the completely assembled flight configura­
tion (including the adapter and the mission-module and solar-array mass
 
models), but an acoustic environmental exposure is deemed adequate. The
 
subsequent electrical and thermal vacuum testing of the thrust system
 
will essentially be identical to that performed earlier on the qualifica­
tion thrust system.
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Figure 26. Flight system test and integration flow chart.
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6679-35 
After the FAT program is completed, the thrust system will be
 
delivered to the spacecraft for integration, testing, and launch. The
 
adapter will be available earlier - after the system acoustic FAT program
 
is completed. I
 
The required units and subsystems are summarized in Table 16. The
 
required types and quantities of the principal units of the thrust system
 
are indicated; these reflect the specific requirements of the program
 
plan. The proposed pl'an for spare parts is also indicated inTable 16.
 
It includes the assembled unit; module flight spares, and spares planned
 
to be procured at the piece part and subassembly level. Table 16 also
 
shows the dummy models of thrust system components required for the vari­
ous test configurations, and the postulated GFE simulators and mass
 
models.
 
G. FACILITIES PLAN
 
To implement the proposed program plan will require highly special­
ized vacuum test facilities for the development testing, qualification
 
testing, and flight acceptance testing of the thrust-system components
 
(thruster/PMaC electronics), the thrust-system modules, and the full
 
thrust-system assemblies. The problem is compounded by the schedule­
dictated requirement for parallel testing, by the physical size of the
 
thrust system, and by the fact that not all of the potential facilities
 
would be made available for use with mercury. In addition, vibration and
 
acoustic facilities are required for the thrust-system structural­
qualification and FATs, respectively.
 
Facility requirements are further deterrents to performing thrust­
system qualification testing at the spacecraft level because it would be
 
difficult to provide the much larger chamber required. There is a readily
 
available chamber for the electrical/thermal vacuum tests of.the thrust
 
system alone - the "Tank 6" facility at NASA LeRC.
 
Many suitable vibration and acoustic facilities are available for
 
thrust system structural tests. The proposed facility plan for electrical
 
tests at the unit, module, and thrust-system levels is shown in Figure 27.
 
Two existing Hughes facilities should readily be able to accommodate the
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Table 16. Required Units and Subsystems
 
Quantitiesa
 
Piece Parts/
 
Subassemblies
Units/Assemblies Developmental Flight Quality 
 (Spare)
 
B D Q F Spare
 
Thrust system subsystems
 
- 4 4 10 2 1 full, plus 4 ea: CIV.thruster/gimbal 

MIV, NIV, grid set
 
PMaC thrust module set' 1 4 4 10 2 	 30% extra parts for all
 
units
(one beam/discharge/LV

supply)
 
PMaC interface module 1b ib 1 1 lb 	 30% extra parts for all
 
units
 
2c 
 2 5 1 Tubes (50% of module)
Structure thrust module 
Structure interface - Id 1 1 - Tubes (50% of module) 
module 
Thermal control 0.5 e 2 5 1 	 30% extra pipes; one extra set all else
 
2f
Tanks - 1 2 1
 
Solar array drive 
 - 1 2 2 1 
0.5 1 1 - One setPropulsion lines ­
1- (1) - 50' tubes
Adapter 	 0.25 lh 

Dummy
 
-Thruster (electrical 4 - ­
simulationi
 
Thrust module (mass' 33 3 - ­
model)
 
I - -PMaC interface module ­
(mass model)k
 
GFE
 
Mission module electrical - 1-- (1) () ­
simulation
 
Mission module mass model - - 1 >0) -

Stowed array mass model - ­ -(I) ­
aB - Breadboards or equivalent development assemblies
 
D - Development models (nonflight) - e.g., electrical'PMaC models
 
Q - Qualification models (flight quality) - "engineering models"
 
F - Flight units/assemblies
 
bDenotes single string
 
CAluminum
 
dAluminum
 
eLife test (half module)
 
fone to unit qualification burst test (D-tank installed'on system
 
qualification)
 
gStatic (one tripod)
 
hAluminum (articulation tests)
 
iFor electrical system model
 
JAluminum
 
kFlight simulation
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DEVELOPMENT TESTS 
DUAL TESTS 
ACCEP TESTS 
Ik D -D 
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FI F12. 
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. . 
DEVELOPMENT TESTS 
THERMAL/VAC PREPARATION 
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. _ _ 
A-
TH RUST SYSTEM TESTS 
(AT FACILITY CJ0 
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ELEC SYSTEM TEST 
A 2' 
QUAL SYSTEM TEST 
FLIGHT SYSTEM TEST 
THRUSTER PERFORMANCE 
VERIFICATION TEST 
_, 
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a VACUUM FACILITY A - SUITABLE FOR SINGLE THRUSTER TESTS (HRL 8' CHAMBERI 
b VACUUM FACILITY 8 - CHAMBER MODIFIED TO ACCOMMODATE MODULE TESTING (HRL 9 CHAMBERI 
C VACUUM FACILITY C - CHAMBER SUITABLE FOR TESTING COMPLETE SYSTEM (LeRC TANK 61 
d VACUUM rACILITYD - VERIFICATION'FACILITY WITH FROZEN MERCUY COLLECTOR (HACCjI 
Figure 27. Test facilities plan. 
parallel unit-level and module-level tests with only minor modifications.
 
The proposed schedule overlap is sufficient to allow these two facilities
 
to be used efficiently and sequentially. To use the NASA LeRC "Tank 6"
 
facility proposed for tests at the thrust-system level would require only
 
that a suitable mounting adapter be provided. Scheduled phasing would
 
permit the efficient, sequential use of this facility for the thrust sys­
tem development, qualification, and FAT programs. The fourth facility
 
shown in Figure 27 is currently available at Hughes and is used for
 
laboratory tests of ion thrusters; this facility could be used to conduct
 
the proposed thruster performance verification tests early in the program.
 
The proposed facilities plan, admittedly predicated on the assump­
tion that the Hughes Aircraft Company will be responsible for thrust sys­
tem development, is not a unique solution. But it does indicate that at
 
least one solution is available for implementing the proposed program
 
plan.
 
H; RECOMMENDED THRUST-SYSTEM PROCUREMENT AND MANAGEMENT 
PLAN
 
The recommended thrust system procurement and management plan,
 
presented in Figure 28, is consistent with the ground rules in-Section 4.A,
 
with the requirements for advanced development and procurement in Sec­
tion 4.C,-and with the other features of the program plan. This figure
 
illustrates that a viable procurement structure is available and makes
 
recommendations regarding the assignment of responsibilities. Admit­
tedly, alternate procurement plans are possible.
 
The recommended plan for a complete thrust system was developed
 
under the supervision of NASA LeRC within the program schedule, starting
 
with the contract award 1-April 1978. -Advanced development and procure­
ment requirements will be met by early, direct funding and management
 
by NASA LekC; these programs can then be phased at suitable.times, as
 
indicated in the program plan, to the responsible thrust system
 
contractor.
 
We recommend that the prime contractor for the thrust system be
 
directly responsible for the specific areas indicated. 'This
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Figure 28. Recommended thrust system procurement and management plan.
 
recommendation reflects the general ground rules discussed in Section 4.A.
 
We also recommend that special attention be paid to system interfaces.
 
This is reflected in the proposed central system interface control activ­
ity and in the centralized thrust system interface management group; this
 
group must coordinate the communication of system interface specifications.
 
74
 
SECTION'5
 
ESTIMATED PROGRAM COST
 
Cost estimates,, prepared on the basis of available data, are
 
summarized in Table 17. These estimates are preliminary and approximate.
 
The total estimated cost-of $53.7 million (inFY 1977 dollars and exclud­
ing fee) for the development, procurement, and testing of the thrust
 
system is disaggregated by work breakdown structure (WBS) categories and
 
by fiscal year requirements.
 
The program plan's requirement for advanced development and pro­
curement is reflected in the estimated $13.4 million cost for FY 1978
 
(which includes the funds required for September of FY 1977). Included
 
in these estimates are the costs for-(1) the development of all units and
 
subsystems through the testing and delivery of unit and subsystem models;
 
(2)the qualification program, which includes all unit/subsystem pro­
curements, fabrication, assembly, and testing through the delivery of the
 
qualification models; (3)the flight system, including all unit/subsystem
 
procurement, fabrication, assembly, and testing through delivery of the
 
flight thrust system; (4)support during spacecraft system testing and
 
for launch mission operations;- (5)requisite auxiliary ground equipment
 
(AGE) (including shuttle cradle), ground support equipment, and modifi­
cations to and operation of facilities; and (6)all the required inter­
face technical and management-activities. The major items presumed to
 
be government furnished equipment (GFE) were
 
a 	 Mission module electrical simulator and mass models
 
* 	 Stowed solar array mass model
 
e 	 900-series EMTs for early thruster performance
 
verification tests
 
* 	 NASA LeRC test facility.
 
The cost of personnel to conduct tests at the NASA LeRC facility is,
 
however, included in the estimates.
 
75
 
Table 17. Preliminary Estimate of Thrust System Costsa
 
by Category and by FY
 
6 

Work Breakdown Structure Category Costp $10

Thrusters and gimbals 

P[aC - thrust modules 

PMaC - interface module 

Thermal control 

Propellant storage and distribution 

Solar array drive 

Structural mechanics 

Structure and harness 

Design integration 

System engineering 

System tests 

AGE 

Facilities 

Spacecraft test and integration 

Pre-launch operations 

Mission operations 

Program management , 

Total 

aFee excluded.
 
bExpressed in FY 1977 dollars.
 
CIncludes September 1977.
 
5.8 

15.0 

8.1 

2.5 

0.9 

0.6 

1.2 

2.5 

1.4
 
4.2
 
2.1
 
1.7
 
0.3
 
0.4
 
0.2
 
0.3
 
6.5
 
53.7
 
Fiscal Costb $106 
Year 
1978c 13:4 
1979 19.8 
1980 15.2 
1981" 3.8 
1982 1.2 
1983 0.2 
1984 0.05 
1985 0.05 
Total 53.7 
.76
 
The estimates of system engineering and program management costs
 
correspond to the manpower loading curves for these two activities as
 
shown in Figure 29; these manpower estimates correspond to the level of
 
effort versus time as reflected in the fiscal year costs in Table 17.
 
The cost of mission operation supportcorresponds to the proposed five
 
men for the first six months after launch and an average of one man for
 
the remaining three years of the mission.
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SECTION 6
 
APPROACH CONFIRMATION AND ANALYSIS
 
The approach confirmation and analysis task was conducted in parallel
 
with the definition and evaluation of the thrust system conceptual design
 
(described in the preceding sections). Three technology areas were
 
investigated. One was-to evaluate thruster performance and lifetime
 
characteristics for the modifications in thruster operating and design
 
parameters needed to satisfy the extended performance application. A
 
second area Was the design and evaluation of the high-voltage isolators
 
needed for thruster operation at higher specific impulse (beam voltages
 
to 5 kV). The third area was to further explore the potentially
 
attractive CDVM concept as an alternative to the conventional beam
 
supply. Results of this investigation are summarized in this section,
 
and a detailed discussion is presented in Volume IV of this report.
 
A. THRUSTER PERFORMANCE AND LIFETIME EVALUATION
 
The objectives of this task were to demonstrate the operation of the
 
30-cm EMT, modified as required, in the specific impulse range of 4,000
 
to 5,000 sec and at power levels in the 6 to 8 kW range required for this
 
extended performance mission application. Using the previously demon­
strated performance at 3,000 sec and 2.5 kW (see Section 3.B.l) is a
 
starting point, this investigation sought to achieve this extended capa-"
 
bility with minimal thruster modifications.
 
The task was successfully accomplished: the required operation was
 
obtained with the-900-series EMT design by simply increasing the inter­
electrode spacing of the ion acceleration electrodes. It was necessary
 
to operate without the 900-series EMT propellant electrical isolators
 
because the voltage rating of these components is below the extended
 
performance requirement. All other elements of the thruster design
 
functioned well at the higher specific impulse and power levels. A high
 
voltage propellant electrical isolator is needed; recommendations for
 
these are discussed in Section 6.B.
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The performance characteristics of the EMAT have been explored
 
empirically to the extent that performance parameters for 3,000 sec oper­
ation can be determined analytically for a specified beam current. We
 
used this analytic model extensively during this study to explore param­
eter variations for specified beam voltage and beam current. Measured
 
performance and analytically predicted performance were compared (see
 
Figure 30). The relatively good agreement between them provides a high
 
level of confidence that:
 
* 	 The model describes thruster operation reasonably well
 
* 	 The basic thruster processes are not significantly
 
different in the extended performance rangd
 
* 	 The parameters documented for EMT operation are not
 
expected to be'significantly different under
 
extended performance operating conditions.
 
The one exception under the last one is some degree of concern relative
 
to thruster lifetime. The discharge chamber wear rates (resulting from
 
ion sputtering) were measured using multilayer thin-filmerosion monitors;
 
these rates were greater than the wear rates computed using ion densities
 
and sputtering rates and than those measured in other EMT programs.
 
Since a satisfactory explanation for these differences was not obtained
 
in the time allotted, the question of wear rate remains to be answered.
 
In fact, confirmation of wear rates appears to be .required for the
 
900-series EMT operating in either the normal or extended-performance
 
range. In any case, several relatively minor design modification options
 
exist11 that could yield a wearout lifetime in excess of the required
 
15,000 hr. Such design modifications must be investigated and specified
 
before October 1978 if they are to be incorporated in the program
 
described in Section 5, but this should not present any serious problems.
 
B. 	 THRUSTER ISOLATOR DESIGN AND EVALUATION
 
The current 30-cm EMT propellant isolator is designed for a maximum
 
operating voltage of 1.5 kV. The objectiveof this task was to define
 
and evaluate design modifications required for extending the operational
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range up to 5 kV to provide a margin over the 4 kV estimated to be
 
required for the Halley's comet mission. Two design concepts were
 
rtq.I-eara 
exp ored.,da
 
_ 

_ 
Tie first concept is based on the SIT design; in it, the insulating
 
regionlof the vapor flow channel is divfdW'r Ui0b s'eral short segments,
 
as shown in Figure 31(a). This concept is"isied on the principle that
 
the volyage applTge--crs.the isolator divides equally suchihliat the 
voltage across any segment is lenssnanthe Paschen minimum.1 (The 
breakdown voltage between parallel electroes is a function bf el'ectrode
 
spacinj, gas pressure in the interelectrode spae, type of g'as. a~d 
electrde materials. These functional relationships have be~n de.ermined
 
empiri4ally and are called Paschen curves.) The number of segments in
 
the ne isolator was increased by a factor of four over the bOO-sJries
 
isolatfr (from 7 to 28},otoooibtkain' the required isojtlatJi~on_,j CpAon~nts
 
were b ilt and t e o t 9,Tseparate design a )p.qes The first 
maintained the sa ement length as in the EPTL design; the second 
maintailned the same overall isolator length. Both designs w re deter­
mined i10 be capab e of withstanding voltages o1i up to 6 kV without break­
down u der full operating te iperature and merc ry vapor flow'.
 
Tje second isolator conept uses an insulating labyrint:h to inhibit
 
breakd wnonAn-se-a-tepr-tha-tLu-t-i-l-e-zee-th-i-s-coneepi-was--fabri cated and
 
8 8 £ 
tested. The design, shown in Figure 31(b), has ceramic sphe'tes tightly
Ww ,MIW(O 133MUA " 
packed in the insulating chamber. Based on the results reported by 
other invesigVdsgqthesdtniteim 5 tlf ic,4,-ramtc sjfferasjchould have 
been =0.1 to 0.2 mm. But the dor ceram-de $Iires obtainable were a 
mixture ranging from 0.2 to 2.0 mm in diameter., with the greatest number 
measuring about 1 mm. Although the larger spheres were screened out of 
the mixture, the isolator tested exhibited'breakdown at slightly over 
2 kV. Although these findings do not conclusively eliminate this con­
cept, it is evident from the test results that the breakdown of the 
insulating labyrinth isolator is significantly more sensitive to temper­
ature and vapor flow than is the multisegment isolator. Consequently, 
the multisegment design was selected for further investigation and was 
subjected to extended testing. 
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6268-3 
900SERIES ISOLATOR WITH 
INTERNAL SCALING - 28 SECTIONS 
IN SAME ISOLATOR BODY 
*ALUMINA SPACERS 
0.65 mm (0.025 in.) THICK
 
---
VAPORIZER
 
COATING SHIELDS 
ALUMINA BODY 
ISOLATOR HEATER 
(28 EACH) 
ALUMINA SPACER* 
~TO
 
r77 	 CATHODE 
SCR EEN/ 
(a) High-voltage propellant electrical isolator using 
multisegment design concept. 
6268-6 
VAPORIZER 
ALUMINA 
ISOLATOR BODY 
CO ATING SHIELD 
ISOLATOR HEATER 
CLOSE-PACKED SPHERES / 
(b) High-voltage propellant electrical isolator using Oa 
insulating labyrinth design coh6ept 
Figure 31. 	 Schematic of the two isolator concepts
 
considered.
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A cathode-isolator-vaporizer (CIV) assembly using the multi­
segment approach was tested for 300 hr with both the isolator tempera­
ture and vapor flow rate set to values higher than normal. A voltage of
 
4 kV was applied across the isolator and the leakage current was con­
tinuously monitored and recorded. Figure 32 shows the increase in leak­
age current that was observed. After completion of the 300 hr test, it
 
was experimentally determined that the magnitude of the leakage current
 
varies with both isolator temperature and vapor flow rate and is essen­
tially linear with the applied voltage. Similar leakage current behavior
 
was observed in the development of the 900-series EMT isolator 12 and was
 
eventually correlated with surface contamination of the ceramic insula­
tion. This leakage was eliminated from the 90-seriesEMT isolator by
 
taking appropriate assembly precautions and by shadow shielding the
 
insulator. Although determining the reasons for the leakage current
 
behavior shown in Figure 32 was beyond the scope of this study, they are
 
probably the same as for the similar behavior-of the 900-series EMT
 
isolator. Although the EMT fabrication and handling procedures were
 
used in preparing the isolator tested here, these procedures may not be
 
adequate for the higher voltage, temperature, and vapor flow rates used
 
in this test. Consequently, a systematic re-examination of procedures
 
and operating parameters is required to establish the procedural speci­
fications necessary to eliminate isolator leakage under the extended
 
performance conditions.
 
If isolator leakage cannot be eliminated, but can'be limited to a
 
linear increase with time that is no greater than shown in Figure 32
 
(about 0.4 pA/hr), then'the isolator design could be considered to be
 
adequate because the total leakage at 15,000 hr~would only be 6 mA per
 
isolator, which is only a fraction of-onepercent of the total beam cur­
rent. A verifictio that leakage remains'linear is still required,
 
however, because ptsthxperiencei ndicates t leakage current behavior
 
such as this becomes exponential with time-when a given value of leakage
 
current is reached. The results of this analysis and test program have
 
shown that the multi-segment isolator .design is-acceptable for the
 
extended performance 5 kV operation of the 30-cm EMT, with the
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qualification that a further confirmation is required of the time/
 
temperature/leakage behavior of this design.
 
C. 	DESIGN, TESTING, AND EVALUATION OF A 1 kW VOLTAGE
 
MULTIPLIER MODEL
 
The CDVM concept is believed to offer potentially significant mass
 
and reliability benefits to solar electric propulsion as a replacement
 
for the 6ohQntioi~al beam suppl . A development ptogram'was thetefore
 
begun to demonstrate design feasibility and the performance of this
 
concept at higher power levels (the eventual goal is operation jn the
 
kW range for the Halley's comet or other missions). Specifically,"the
 
objective of the CDVM task in this program was to design, fabricate, ,and
 
test 	a'i'.kW CDVM model, thereby confirming analytic performance-predic­
tions both at 1 kW and for potential design extension to 6 kW.
 
Design tradeoffs resulted in the selection of a five-phase system.
 
Compared to single-phase designs, this multiphase approach minimizes
 
peak currents in semiconductor devices, dramatically reduces th6 total
 
capacitance requirement, and reduces the weight of the input and output
 
filters because the ripple frequency is higher. A design with more than
 
five 	phases was considered to be unneces'sarily complex at this±stage of
 
deve-lopment.- - . .; . 
An integral part of the task.,wasto design and fabricate low-loss,
 
light-weight capacitors. To minimize the power losses in the CDVM capa­
citors, specialtermination'tech6i'ques were~dev6lopied; these yielded
 
consistently low termination resistance. Polysulfone dielectric film
 
was chosen because of its low dissipation factor and wide wervice'tem­
perature. The units fabricated were 0.6 pF, 0.45 pF, and 0.30 MF
 
capacitors, rated at 600 Vdc and used at 300 Vdc maximum. Other compo­
nents used for the model were commercially available devices. The power
 
transistors chosen were Motorola MJ7261 (rated at Ic = 15 A continuous
 
and at Vceo = 400 Vdc maximum). Semtech 3FF50 rectifiers were chosen
 
because of their fast reverse recovery time (30 nsec); they are rated at
 
500 Vdc blocking voltage, and 1 A dc continuous forward current.
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Magnetic components were designed using commercially available cores
 
and bobbins.
 
The CDVM model was successfully operated at a power output level in
 
excess of 1 kW over a range of input voltages and load currents, and
 
under various load fault conditions. Full recovery from a short-circuit
 
at the output has been demonstrated. Table 18 summarizes some of the
 
significant test results. Of special interest are the relatively low
 
component weight-to-power ratio (0.5 kG/kW), low output ripple voltage
 
(less than 1% peak to peak), and high efficiency (in excess of 96%).
 
Results of this investigation confirm previous predictions of
 
efficiency.and weight, and strengthen confidence that a 6 kW CDVM can be
 
fabricated. It is anticipated that the 6 kW design could be accomplished
 
using available components and the same basic design, except that the
 
number of. phases and stages would have to be increased. Fabricating and
 
testing such a 6 kW model logically constitutes the next phase of CDVM
 
development.
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Table-18. CDVM Test Results Summary
 
Parameter Value
 
Test'iconditions
 
300
 
Load.(resistive), n 1830
 
Operating frequency-, kHz 65
 
Input voltage, Vdc 

Test results-
Output voltage,, Vdc 1474.5
 
Output current,-Adc 0.805
 
Output power, W 1187
 
Voltage transfer ratio 4.915
 
Tbtal input power, W. 1233
 
Overall effici-ency, % 96.2
 
(including-logic'and- drjv-e4 losses) 
Output ripple voltage,,V 12 
(peak-to-peak) 
Weight.of a-l components, kg 0.59 
Component weight/output power 0.5 
ratio, kg/kW 
ORIGINAL PAGE IS 
OF POOR QUALITY
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SECTION 7
 
RISK ASSESSMENT
 
A. TECHNICAL ASSESSMENT
 
The most significant technical risks that can be identified for the
 
proposed thrust system design are listed in Table 19. Each is believed
 
to be resolvable through application of sound engineering effort on a
 
time scale compatible with the Halley's comet mission. Principal con­
cerns are thruster design and performance in the extended performance
 
range, PMaC electronics complexity and reliability for prolonged opera­
tion in space, and potential system EMI effects. No significant
 
technical risks are believed to arise in structural/thermal design, and
 
no novel technology (with associated risks) is required in the conven­
tional PMaC design adopted. The risks listed in Table 19 do not include
 
those'associated with the solar array or with other components of the
 
spacecraft for the Halley's comet mission.
 
The areas of concern in Table 19 are those that could be identified
 
at this preliminary, design concept stage of development. The only new
 
component is the high-voltage isolator, and the results from the con­
current design and testing effort reported in Section 6.B provide a high
 
level of.confidence for this development. Problems associated with
 
PMaC electronics complexity, controller EMI susceptibility, and thruster
 
reliability inn-the. high-power operation mode are believed to be manage­
able with the application of available engineering skills during the
 
design development phase.
 
Fulfillment of the 13,600 hr thruster-life requirement for this
 
application is, perhaps, the only problem with a still unconfirmed solu­
tion.. Intensive effort is being applied, and the proposed program plan
 
recommends that these efforts be continued during the initial.development
 
phase. Further evaluation of wear rates by tests has a reasonable
 
probability of proving the adequacy of the current design. Alternately,
 
readily implemented design modifications are available to increase life
 
expectancy, such as 
use of an ion optics design that incorporates a
 
small-hole accelerator grid.
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Table 19. Significant Technical Risks Associated with
 
Thrust System Design
 
Risk Reason for Concern
 
Isolator life and performance New component 
at high voltage 
Thruster failure rate at high- Greater energy into accel grid 
power of high-voltage operation during arcing and increased 
stress on insulators 
Thruster life 	 15,000 hr not yet demonstrated
 
for 900-series or uprated design
 
Complexity and reliability of High thermal loading and stress
 
PMaC design for high-power level of components
 
operation (qualifiability)
 
High parts count (added
 
redundancy costly)
 
Controller EMI susceptibility Nature/effect of severe EMI
 
during high-power thrusting environments not addressed or
 
provided for
 
B. SYSTEM INTERFACES
 
The 'basic interfaces between the thrust system and the other major
 
spacecraft elements - solar array and'mission module - are simple. There
 
is, however, an intrinsic interrelationship between (1)th6 design and
 
performance of the thrust system and (2)the design, requirements, and
 
constraints of the other major elements of the spacecraft (the solar
 
array, mission modul'e, IUS, and shuttle).
 
The challenge is to affect the early specification of the major
 
system interfaces and to manage the interfaces during the program. There
 
is no technical deterrent to the specification of the interfaces and
 
subsequent design of the major systems by the individual responsible
 
parties. Under the plan recommended here, and presented in Section 4, a
 
single contractor (under NASA LeRC sponsorship) is responsible for
 
thrust system design, procurement, and delivery. It is anticipated that
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the thrust system contractor would participate with NASA LeRC in a total'
 
system interface working group. By establishing management of the pro­
gram 	at this level, the challenge of the design of each major system ­
thrust system, solar array, and mission module - and integration of the
 
systems into the Halley's comet mission spacecraft can be met;-

There are several areas of design interdependence:
 
(1) The.design of the thrust system will be.significantly

affected by design characteristics and by the
 
.requirements of the other components of the Halley's
 
comet system. The assumptions that it was necessary
 
to make during this study must be verified and/or

changed to further improve the overall design.
 
(2) The design of the thrust system affects the design

characteristics of the other system components.
 
(3) 	Overall design integrity and performance also depends
 
on factors that involve all subsystems. -To resolve
 
potential problems and assure system integrity require
 
a coordinated analysis and test effort by al
 
participants.
 
Specific examples of each category are presented below to illustrate the
 
nature and scope of the interface effort involved.
 
In category (1), the following factors play a major role in defining
 
thrust'system design:
 
* 	 The size and shape of the solar array stowed envelope
 
* 	 Solar array power profile
 
* 	 Mission module physical and thermal characteristics and
 
requirements
 
* 	 Mission module control system constraints
 
* 	 Mission module data processing design characteristics
 
and requirements
 
* 	 Mission module operations doctrine (definition of
 
PMaC controller)
 
* 	 Mission module EMI susceptibility
 
* 	 Mission profile/trajectory (thruster power levels,
 
utilization plan, life requirements)
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* 	 IUS loads
 
* 	 IUS clearance requirements and tipoff rates
 
* 	 Shuttle loads
 
* Shuttle safety and other operation constraints.
 
Examples of subsystem designs (other than in the thrust system) that
 
are affected by thrust system characteristics (category (2)) are
 
*1 	 Solar array profile management plan (reconfiguration
 
requirements)
 
* 	 Solar array deployment requirements (prevention of
 
Hg ion impingement)
 
* 	 Maximum power tracking design
 
* 	 Mission module control system design (including
 
requirements for spacecraft tilting)
 
* 	 Mission-module data processing design
 
* 	 Mission module electromagnetic compatibility (EMC)
 
design features
 
* Shuttle cradle design.
 
System-level technical activities (category 3) comprise iterative
 
analysis and design tasks implicit in the above listing, as well as
 
additional activities; these additional activities
 
* 	 Coupled load analyses (IUS and shuttle)
 
* 	 Coupled thermal analyses
 
* 	 Combined trajectory/mission analyses
 
* 	 System level EMI - analysis and testing 
* 	 Mission management and mission operations plan
 
* 	 Integrated system tests.
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Effective management is mandatory for the successful resolution of
 
these difficult system interfaces. The interface management plan should
 
include the following organizational and technical control features:
 
* 	 Clearly defined central authority and responsibility
 
* 	 Responsible and responsive channels of direct involvement
 
and reporting by all participants to this central
 
authority
 
* 	 Early definition of subsystem designs
 
*, 	Effective control of design changes
 
* 	 Design definition and timely provision of simulators
 
and models.
 
The first two of the above are reflected in the recommended procurement
 
plan in Section 4 (Figure 28). The third item, early definition of
 
designs, is probably the most crucial requirement from a schedule stand­
point and the most difficult one to implement. It is reflected in the
 
master phasing schedule, Figure 19, and in the proposed program plan in
 
Section 4.
 
C. 	PROGRAM IMPLEMENTATION
 
An overall appraisal of the probability of successfully accomplishing
 
the development, procurement, and testing of the thrust system for the
 
Halley's comet mission must consider, in addition to the technical risks
 
associated with the achievement bf design goals and with the resolution
 
of interfaces (discussed in the preceding sections), the 'schedule risks
 
in meeting the required milestones and the economic risks of cost
 
estimates.
 
Adequate time is believed to beavailable to accomplish the Halley's
 
comet mission, provided that the initial phases of the program are imple­
mented without delay. The key requirements are
 
* 	 Immediate initiation of PMaC system design and of
 
advanced development and procurement of breadboard
 
units
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* 	 Immediate initiation of thruster performance verifi­
cation tests
 
a 	 Initiation of procurements for thruster components on
 
or about T January 1978
 
* 	 Initiation of heat pipe development and procurement in
 
the spring of 1978.
 
Postponing these advanced activities would probably result in nonrecover­
able schedule slippage. The time spans for the other phases of the pro­
gram, including system integration after thrust system delivery and
 
before launch, are believed to be tight but adequate, even allowing for
 
a reasonable number of the development problems expected for this type of
 
program.
 
Confi-dence in the-overall success does not, however,, preclude the
 
need to identify andac~nowledge the existence of schedule risks. These
 
are,summarized in Table 20.in order of concern, with the most serious
 
ri'sks listed first.
 
Table 20 necessarily includes some of the technical and interface
 
concerns of the preceding subsections to the extent that they affect
 
schedule concerns. An important schedule concern involves PMaC elec­
tronics development.: even with advanced development and procurement,
 
and with the overlap provided in the program plan among the development,
 
qualification, and flight procurement phases, the time available for
 
these activities will require an intensive engineering effort. The over­
lap between these acti-vities is itself a further concern (as indicated in
 
Table.20.) because of the possibility that significant design changes may
 
be required.. An equal concern is the potentially serious schedule slip­
page that could occur if the,requirements for interface definition and
 
management discussed in the preceding subsection are not met.
 
Potential tradeoffs exist among, some of the technical and schedule
 
concerns, system,design parameters ('notably mass.allowance), and available
 
funds. For exampl'e, development risks (and associated schedule concerns)
 
regarding structural design for loads or regarding heat pipe reliability
 
could, in principle, be alleviated by providing greater mass contingency
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Table 20. Principal Schedule ?isks
 
Tight PMaC development schedule (evenwith advance procurements)
 
Timely interface definition
 
Design characteristics of mission module and solar array
 
Interface requirements
 
Interface specifications
 
Prompt definition and early freeze of thrust subsystem design
 
Timely delivery of advance procurement critical parts
 
PMaC parts (hybrids)
 
Beryllium
 
Availability of heat pipes: development/delivery
 
Efficient management and control of interfaces
 
Spacecraft system interfaces
 
Shuttle interfaces
 
IUS interfaces
 
Overlap between development/qual/flight design and test
 
Impact of technical/design changes
 
Availability of personnel for parallel test operations
 
Unavailability of backup facilities for thrust module/thrust system
 
tests
 
Special procurement risks (risk/cost trades)
 
Single shuttle cradle
 
Single adapter
 
Single beryllium vendor
 
95
 
and/or by including-afIditio'lai -patalle&l design and--tasting activities.
 
Schedule-riskscoul-d be -further reducedby fabricating additional sparesduring the development phase and for flight units. 
It ismuch more difficult to reliably assess economf1c risks.' The
 
cost estimates presented in Section 5,which are based on extensive
 
experience in the design and procurement of space Systems, are believed
 
to be fairly~accurate. However, they are dependent on the'assumptions
 
made regarding.program scope and system interfaces, and, more importantly,
 
on program contingencies arising from the technical,. interface, and'
 
sceue(, ht i jf.- IL " scnedu/e risks. Furthermore, cost estimates depend on the procurement
 
plan. The estimates provided inSection-5 should therefore be'teated
 
as, at best, a funding baseline, and plans for-total program cost must
 
w -: ,-' t I I, I.)10 a,lo, .. aAftake these additional factors into account.
 
J~S? fl., - ,-'I 
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SECTION 8
 
STUDY CONCLUSIONS
 
The study successfully met its objectives; the principal
 
accomplishments are discussed below.
 
A. CONCEPT SELECTION
 
An attractive baseline configuration for the thrust system was
 
selected for the 30-cmextnded-performance mercury ion thruster from
 
among a spectrum of options considered. The selected baseline uses a
 
concentrator solar array anda conventional PMaC design.
 
B. CONCEPTUAL DESIGN OF BASELINE CONFIGURATION THRUST
 
SYSTEM
 
A highly integrated and versatile thrust system configuration was
 
generated for the HCRM. This design while being near optional in terms
 
of-performance, mass, and reliability., maintained a significant amount
 
of modularity. 'The-modular feature of the thrust system allowsfor
 
technology growth and configuration flexibility for other missions and
 
provides for a standard thrust module which can be manufactured and
 
tested with relative ease.
 
C. EXTENDED PERFORMANCE MERCURY ION THRUSTER
 
Adaptability of-the 900ser.ies, 30-cm thruster design to the
 
6 to 7 kW extended performance operation range (which is required for the
 
Halley's comet mission) was demonstrated with, only minor-design modifi­
cations required, and an acceptable high-voltage isolator design was
 
validated by laboratory tests.
 
D. DESIGN SENSITIVITY
 
The sensitivity of the baseline design-to the key design parameters
 
and to-,the level of solar array power was established, and areas of
 
potential improvement through iterative mission/trajectory analysis were
 
identified.
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E. DEVELOPMENT OF THE CDVM
 
Design and performance of the alternative PMaC design concept
 
utilizing the CDVM, which has potential mass, efficiency, and reliability
 
advantages over the conventional beam supply, has been successfully
 
demonstrated by laboratory model tests at power levels in excess of 1 kW,
 
and shows.promise of extension to the 6 *kW level.
 
F. GROWTH POTENTIAL
 
A significant level of potential growth capability (e.g., for other
 
mission applications) has -been provided in the baseline design by using a
 
modular design approach and by design features that minimize the modifi­
cations required for an increase in thrust levels, for augmentation of
 
thermal control, and for the substitution of the CDVl for the conventional
 
beam supply.
 
G. TECHNICAL RISKS
 
The technical risks associated with the thrust system design have
 
been identified. Since the problems posing the risks are considered
 
resolvable through nominal engineering development, the risks are judged
 
to be acceptable for mission application.
 
H. INTERFACES
 
Interfaces with the solar array, mission module, IUS, and shuttle
 
for the Halley's comet mission have been identified, and significant
 
technical effort and management attention will be requi-red for their
 
successful resolution, including the conduct of iterative mission/
 
trajectory analysis and design optimization, and an early definition of
 
key design parameters.
 
I. PROGRAM PLAN
 
A viable program plan and an associated procurement plan have been
 
generated for the baseline configuration, with schedule requirements and
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priorities identified, that can lead to the successful accomplishment of
 
the Halley's comet mission.
 
J. COSTS
 
Cost estimates and fiscal year funding requirements for the thrust
 
system development and procurement for the Halley's comet mission have
 
been generated, indicating a total cost of about $54M in FY 77 dollars,
 
excluding contractor fee, of which approximately $13.5M is required for
 
advanced development and procurement in FY 78 to meet schedule
 
requirements.
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